This work gives an overview of the recent achievements which have contributed to the understanding of the structure and function of molybdenum and tungsten enzymes. Known structures of molybdo-pterin cofactor-containing enzymes will be described briefly and the structural differences between representatives of the same and different families will be analyzed. This comparison will show that the molybdo-pterin cofactor-containing enzymes represent a very heterogeneous group with differences in overall enzyme structure, cofactor composition and stoichiometry, as well as differences in the immediate molybdenum environment. Two recently discovered molybdo-pterin cofactor-containing enzymes will be described with regard to molecular and EPR spectroscopic properties, pyrogallol-phloroglucinol transhydroxylase from Pelobacter acidigallici and acetylene hydratase from Pelobacter acetylenicus. On the basis of its amino acid sequence, transhydroxylase can be classified as a member of the dimethylsulfoxide reductase family, whereas classification of the tungsten/molybdenum-containing acetylene hydratase has to await the determination of its amino acid sequence. z
Introduction
The molybdenum cofactor (Mo-co) is found in a variety of enzymes called hydroxylases or oxotransferases, most of which catalyze a net transfer of an oxygen atom to or from a substrate in a two electron transfer reaction [1^4] . An essential role of molybdenum is the catalysis of a controlled oxo-transfer reaction coupled to an electron transfer between substrates and other cofactors, such as Fe^S centers, hemes, and £avins. Molybdenum oxotransferase enzymes, such as xanthine oxidase, catalyze the following general reactions, where water has been shown to be the source of the incorporated oxygen atom: r r P y Ã 3y Ã r Pe 3 Pr r ldehyde or romti heteroyleX
Sul¢te oxidase catalyzes a simple oxotransfer to the lone pair of sul¢te to form sulfate. In a similar type of reaction DMSO reductase transforms dimethylsulfoxide into dimethylsul¢de, whereas in nitrate reductase, the reverse reaction occurs and nitrite is produced from nitrate.
The Mo-co consists of an organic component called molybdopterin [5, 6] , a substituted pterin derivative containing a 4-carbon side chain with a dithiolene group (Fig. 1) , and a mononuclear molybdenum or tungsten center. The cofactor was initially believed to occur only in a molybdenum-containing form, hence the names molybdopterin and Mo-co, but recently a tungsten-containing form of the cofactor was also discovered [7, 8] . In either case, the metal is ligated to the molybdopterin through the sulfur atoms of the dithiolene group. The ¢rst crystal structure of an enzyme containing a molybdopterin cofactor was that of the tungstoenzyme aldehyde ferredoxin oxidoreductase (AOR) from the hyperthermophilic organism Pyrococcus furiosus [9] . Subsequently, several structures of`true' Mo-co-containing enzymes were determined by X-ray crystallography, aldehyde oxidoreductase from Desulfovibrio gigas [10, 11] , dimethylsulfoxide (DMSO) reductase from Rhodobacter sphaeroides [12] and Rhodobacter capsulatus, independently studied by two groups [13, 14] , Escherichia coli formate dehydrogenase H [15] and, most recently, chicken sul¢te oxidase [16] . Based on sequence similarities, the Mo-co-containing enzymes are currently divided into four di¡erent families [17] , namely the DMSO reductase, xanthine oxidase, sul¢te oxidase, and AOR families. Within each family, sequence similarities are obvious, while no signi¢cant homologies can be detected between members of di¡erent families. This classi¢cation represents a unifying approach in terms of the overall enzyme structure, but, at the same time, it does not require the Mo/W center to be coordinated in exactly the same way for members of the same family. The traditional classi¢cation of these enzymes into two families, one containing an oxothio Mo center and the other containing a dioxo Mo center was based solely on the molybdenum environment and, with the knowledge of the crystal structures, proved to be inadequate for a general classi¢cation of these enzymes. The features of the new classi¢cation scheme are illustrated best by DMSO reductase and formate dehydrogenase H, two members of the DMSO reductase family. These enzymes share a signi¢cant overall structural similarity, which is a consequence of their 23% identical amino acid sequence, but they di¡er in terms of their respective Mo-ligand ¢elds: DMSO reductase has at least one oxo-ligand and a serine side chain coordinated to the Mo, whereas formate dehydrogenase H contains no oxo-ligand and a seleno-cysteine side chain ligated to the metal. With the exception of Rhodobacter DMSO reductase, all enzymes contain at least one additional cofactor, either a heme, a Fe^S cluster, or a £avin, which is involved in intramolecular electron transfer to or from the Mo/W center.
In this contribution, the known structures of Moco-containing enzymes will be described brie£y and the structural di¡erences between representatives of the same and di¡erent families will be analyzed. This comparison will show that the Mo-co-containing enzymes represent a very heterogeneous group with di¡erences in overall enzyme structure, cofactor composition and stoichiometry, as well as di¡erences in the immediate molybdenum environment. Two recently discovered Mo-co-containing enzymes will be described in more detail, pyrogallol-phloroglucinol transhydroxylase from P. acidigallici and acetylene hydratase from P. acetylenicus. On the basis of the transhydroxylase amino acid sequence, this enzyme can be classi¢ed as a member of the DMSO reductase family, whereas classi¢cation of the tungsten-containing acetylene hydratase has to await the determination of its amino acid sequence.
DMSO reductase family
Members of this family are exclusively found in eubacteria and include among others DMSO reductase, the dissimilatory nitrate reductases, several formate dehydrogenases and pyrogallol-phloroglucinol transhydroxylase (Table 1) . With the exception of transhydroxylase, most of these enzymes serve as terminal reductases in the absence of oxygen and the presence of their respective substrates, thereby allowing the bacteria to generate more energy compared to the amount obtainable by fermentation. DMSO reductase is found in a variety of bacteria, including E. coli [18] , R. sphaeroides [19] and R. capsulatus [20] . DMSO reductase from R. sphaeroides is a soluble periplasmic single subunit protein comprising 780 residues which contains no cofactor other than Mo-co. In contrast, the E. coli enzyme is an integral membrane protein consisting of three subunits: (1) the Mo-co-containing A-subunit; (2) a Bsubunit with four [4Fe^4S] clusters; and (3) a transmembrane C-subunit also responsible for binding and oxidation of menaquinol. Electrons are transferred from the C-subunit, via the B-subunit to the Mo-co. A more complex architecture is also observed for the cytosolic pyrogallol-phloroglucinol transhydroxylase which consists of a Mo-co-containing A-subunit and a Fe^S cluster containing B-subunit. At present, two members of the DMSO reductase family have been characterized structurally by X-ray crystallography: DMSO reductase, both from R. sphaeroides [12] and R. capsulatus [13, 14] , and E. coli formate dehydrogenase H [15] .
Structure of DMSO reductase
The crystal structure of the single subunit DMSO reductase from R. sphaeroides was determined in its oxidized and dithionite reduced state [12] and the R. capsulatus enzyme was determined in its oxidized [13, 14] , in the dithionite reduced state [13] and in complex with DMSO [21] . The enzyme from R. sphaeroides is a mixed K/L-protein and the polypeptide fold consists of four domains arranged around the cofactor, which, in this case, is comprised of two molecules of a molybdopterin guanine dinucleotide. The four domains form a slightly elongated molecule ( Fig. 2) with overall main chain dimensions of 75U55U65 A î Q . The spatial arrangement of domains I^III creates a large depression on one side of the molecule resembling a funnel, with the active site located at the bottom of the funnel. Domain I is formed by two three-stranded antiparallel L-sheets and three K-helices and is the only domain that forms no direct interactions with the cofactor. Domain II has an K/L-fold, containing a mixed sixstranded L-sheet and nine K-helices distributed on either side of the sheet. One of the L-strands is antiparallel to the other ¢ve strands. The third domain is located on the opposite side of the cofactor relative to the second domain and is also of the K/L-type, with a strictly parallel ¢ve stranded L-sheet surrounded by 12 K-helices. The fold of domain III is a variant of the classical dinucleotide binding domain [25] , containing ¢ve instead of six parallel Lstrands. Domain IV is located between the second and third domain on the opposite side of the funnel, and consists mainly of a six-stranded L-barrel, containing both antiparallel and parallel strands. Domain IV has the same fold as`barwin' [26] and endoglucanase V from Humicola insolens [27] . Structure-based sequence alignments of the DMSO reductase family of Mo-co-containing enzymes demonstrate that conserved regions are mainly located in the core of domains II and III, as well as in the entire domain IV, indicating that these enzymes all share the same basic architecture.
Although the electron density was well de¢ned for almost all parts of the polypeptide chain, a polypeptide loop comprising residues 381^393 was found to be disordered in all crystal structures of the oxidized enzyme. In R. sphaeroides DMSO reductase, residual density near the active site was assigned to the side chain of Trp-388 in two alternate conformations. In one of them, Trp-388 blocks access to the active site by insertion of its side chain between the aromatic ring systems of Tyr-165 and Trp-196. In the other conformation, the side chain is displaced by approximately 7 A î and is arranged perpendicular to that of . These observations suggested that Trp-388 might serve as a lid that can shield the active site when necessary. In the structure of DMSO reductase from R. capsulatus in complex with DMSO [21] , the £exible polypeptide loop was found to be ordered and to participate in interactions with the substrate.
Active site structure
The active site of DMSO reductase in both R. sphaeroides and R. capsulatus was found to contain two molybdopterin guanine dinucleotides, named Pand Q-pterin, which coordinate the Mo with an approximate two-fold axis of symmetry passing through the Mo. The active site of the enzyme is located at the bottom of the large depression in the protein described above. The two halves of the cofactor are arranged in an antiparallel fashion and form an elongated structure with a maximum extent of V35 A î between the N2 atoms of the two guanine moieties. There are numerous interactions between the protein and the cofactor in addition to a few hydrogen bonds to water molecules, which are not located in the vicinity of the Mo atom. Residues interacting with the cofactor are scattered throughout the linear sequence and are located in domains II, III, and IV. Domains II and III interact primarily with each of the guanosines and share structural similarity despite the lack of sequence homology. A stretch of highly conserved residues forming a polypeptide loop in domain IV is crucial for binding of the two molybdopterin moieties of the cofactor. Sequence comparisons reveal that several cofactor ligands are highly conserved in the DMSO reductase family.
The coordination features of the Mo in the existing DMSO reductase crystal structures and the models derived by EXAFS spectroscopy are summarized in Table 2 . It is apparent that there is considerable disagreement in the nature and distances of some of the molybdenum ligands. A superposition of the three crystal structures indicates rather large shifts Atoms are color-coded with molybdenum in green, sulfur in yellow, oxygen in red, nitrogen in blue and carbon in grey. Fig. 2 and Figs. 4^6, have been prepared using MOLSCRIPT [22] and RASTER3D [23, 24] .
in the position of the molybdenum, with a maximum di¡erence of 1.2 A î between the two structures of the R. capsulatus enzyme. As a result of this shift, the molybdenum is either coordinated by both or by none of the dithiolene sulfurs from the Q-pterin in the R. capsulatus enzyme. In R. sphaeroides DMSO reductase, an intermediate state is observed with one of the sulfurs being partially removed from the Mo. In the coordination models derived by EXAFS spectroscopy, all four dithiolene sulfurs are ligands to the molybdenum. In the R. capsulatus model, two sulfurs are at 2.32 A î and two are at 2.47 A î , whereas they are equidistant in the R. sphaeroides model. The existence of a second non-protein oxygen ligand is an additional feature of the molybdenum coordination that is at variance. In the crystal structure and EX-AFS model of the R. sphaeroides enzyme this oxygen is absent, whereas it has been observed in all models derived for the R. capsulatus enzyme. However, whether this ligand is an oxo-species or a hydroxo remains unclear. The EXAFS data and one crystal structure indicate a longer distance for the second oxygen, whereas the two non-protein oxygens are equidistant from the Mo in the second crystal structure. EPR studies of the R. capsulatus enzyme have identi¢ed at least ¢ve di¡erent signals [30] , indicating considerable £exibility at the active site. Furthermore, as has been discussed recently [31] , the metal ligand distances derived in typical protein crystal structures at less than atomic resolution are in£u-enced by series termination errors in the Fourier calculations, and therefore it might be di¤cult to distinguish between oxo-or hydroxo-ligands. At present, the reasons for the observed structural differences at the active site of DMSO reductase are not fully understood and future studies are necessary to address this issue.
Formate dehydrogenase H from E. coli
The crystal structure of E. coli formate dehydrogenase H [15] has con¢rmed several structural features for all members of the DMSO reductase family. These include the overall architecture of the enzyme, which also was found to consist of four domains, the presence of two molybdopterin guanine dinucleotides and a protein side chain ligand to the Mo, in this case a Se-cysteine. The coordination sphere of the Mo is comprised by four sulfurs originating from the two dithiolene groups, symmetrically coordinating the Mo, by a selenium from the Se-cysteine and by a hydroxyl species. Thus, the coordination sphere of the molybdenum is devoid of any oxo-ligand. The basic features of this coordination geometry have been con¢rmed by EXAFS spectroscopy, with the addition of a rather short distance between the selenium and one of the dithiolene sulfurs which has been interpreted as a Se^S bond [32] . The additional cofactor of this enzyme, a [4Fe^4S] cluster is located in the N-terminal domain in close proximity to the Mo-co and this arrangement has implicated the Qpterin to participate in the electron transfer reaction. Large conformational changes for the molybdopterin moiety of the P-pterin were observed between the Mo(IV) and Mo(VI) forms of the enzyme. Binding of the inhibitor xy 3 P suggested direct substrate binding to the Mo and a hydride transfer mechanism involving the Se-cysteine has been suggested [15, 33] . Table 2 Molybdenum-ligand distances in R. sphaeroides and R. capsulatus DMSO reductase as determined by X-ray crystallography and EXAFS spectroscopy for the oxidized form of the enzyme R. sphaeroides X-ray [12] R. capsulatus X-ray (1) [14] R. capsulatus X-ray (2) [13] R. sphaeroides EXAFS [28] R. capsulatus EXAFS [29] Ligands 5^6 5 7 6 7 Mo-S1Q P (A î ) 2. 3. Pyrogallol-phloroglucinol transhydroxylase from P. acidigallici
Molecular properties and reactivity
Transhydroxylase from the anaerobic bacterium P. acidigallici catalyzes the conversion of pyrogallol (1,2,3-trihydroxybenzene) to phloroglucinol (1,3,5-trihydroxybenzene) which is further degraded to acetate via the phloroglucinol pathway [34] . 1,2,3,5-Tetrahydroxybenzene is used as a co-substrate and regenerated in the reaction [35] . For a discussion of this novel type of reaction refer to the contribution by Hille et al. in this volume.
The enzyme is a 133.3-kDa heterodimer, composed of one 100.4-and one 31.3-kDa subunit. It contains 11.56 þ 1.72 Fe and 0.96 þ 0.21 Mo (atomic absorption spectroscopy), and 13.13 þ 1.68 acid labile sulfur per heterodimer. Furthermore, one molybdopterin guanine dinucleotide per subunit had been postulated [36, 37] . The enzyme has been crystallized and the solution of the structure is in progress.
Sequence analysis and expression of the transhydroxylase genes
Sequencing showed that the transhydroxylase from P. acidigallici belongs to the family of the DMSO reductases (Table 3) . In all members of this family, the coenzyme is a dimeric molybdopterin guanine dinucleotide. In Table 4 , the contacts of the cofactor to amino acid residues of DMSO reductase of Rhodobacter sphaeroides [12] are shown together with the correlating amino acids in transhydroxylase as examined by the program GAP [49] . Although not all of these amino acids are conserved in the molybdopterin guanosine dinucleotide binding site of di¡erent enzymes, some of them could be identi¢ed also in the sequence of the large subunit of transhydroxylase. In contrast to most enzymes of the DMSO reductase family, transhydroxylase has neither a A,B,C-structure nor a signal sequence, and is not anchored in the cell membrane, but is in the cytoplasm.
While the large subunit has relatively few cysteines which are not clustered, the small subunit has 13 cysteines, some of which are clustered. This makes it likely that the Fe^S centers are located on the small subunit, while the entire MGD cofactor is associated with the large subunit.
For heterologous expression the transhydroxylase gene was cloned into two di¡erent expression vectors, the pT7-7 [50] for expression of the wildtype enzyme and pQE30 (Qiagen) for a N-terminal his-tagged enzyme. The C-terminal his-tagged enzyme was obtained by mutagenesis of the pT7-7 (wild-type THL) vector using PCR. In all cases, the expression of transhydroxylase produced inclusion bodies in large amounts which were insoluble, except by cooking with SDS (yielding up to 40% transhydroxylase relative to the total amount of proteins The number of gaps amounts to between 20 and 30; n.s., no speci¢cation.
in E. coli). Several attempts to express, resolve or refold the transhydroxylase into the catalytically active form, were as yet unsuccessful. The possibility that a shortage of MGD is responsible for the formation of inclusion bodies was also considered. On the one hand nitrate reductase, which is a natural molybdoenzyme of E. coli was induced by addition of nitrate, but without any e¡ect to the solubility or activity of the transhydroxylase. Table 4 Contacts between amino acids and Mo-co Amino acids/position in DMSO reductase of R. sphaeroides
GAP-comparison with transhydroxylase
Enzymes analogous to P. acidigallici
Known amino acids
N858 Ebsr H, Q, N, R, K + Column 1 shows the amino acids and the atoms of the domains II^IV of DMSO reductase from Rh. sphaeroides having contact with Mo-co. Column 2 shows the corresponding amino acids in transhydroxylase from P. acetylenicus, found by GAP. Column 3 indicates the degree of preservation, or enzymes having at these positions identical amino acids as transhydroxylase (Enrg, nitrate reductase G from E. coli ; Enrz, nitrate reductase Z from E. coli ; Efdh, formate dehydrogenase H from E. coli ; Wdsr, polysul¢de reductase from Wolinella succinogenes; Efdn, formate dehydrogenase N from E. coli ; and Ebsr, biotin-sulfoxide reductase from E. coli). The next column indicates amino acids found in other enzymes. The further left the amino acid emerges in the series, the more frequently does it occur at the given position. Evaluation indicates the degree of the preservation; +++, identical to DMSO reductase from R. sphaeroides ; ++, deviation from column 1; however, identity with other molybdoenzymes; +, this amino acid deviates, but contact in R. sphaeroides occurs only with atoms of the protein backbone ; thus, the remainder of the amino acid is not crucial for the MGD linkage; 3, no agreement.
EPR spectroscopic properties
Below 30 K, the EPR spectrum of the enzyme (as isolated in the presence of air) showed a typical [3Fe^4S] signal with g v =2.01, and a Mo(V) signal at gW1.98. The intensity of the [3Fe^4S] resonance corresponded to 90.1 spins per molecule. Most likely it originated from a slightly acid-labile [4Fe4 S] cluster as previously described for DMSO reductase [18] . This signal was absent in transhydroxylase which had been prepared by a slightly modi¢ed procedure which included rapid neutralization of the enzyme fractions after chromatofocussing [35, 36] . Above 35 K, the [3Fe^4S] signal disappeared because of relaxation broadening, and a pure Mo(V)`resting' signal with hyper¢ne coupling from WSYWU Mo remained. Stepwise reduction of the transhydroxylase with sodium dithionite led to an increase of the Mo(V) signal and the disappearance of the [3Fe4 S] resonance at g v = 2.01. Upon further addition of reductant two intense new signals appeared with g z = 2.08, g y = 1.946 and g x = 1.869, and g z = 2.057, g y = 1.957 and g x = 1.874, which are characteristic for Fe^S centers (Fig. 3) . The ¢rst signal broadened 
Reichenbecher et al. [36] suggested, on the basis of inhibition experiments with cyanide, that unlike xanthine oxidase or aldehyde oxidase, transhydroxylase most likely contains a MoO P site. This idea receives further support from a comparison of the Mo(V) EPR spectra of: (1) enzyme as isolated; (2) enzyme treated with KCN; and (3) enzyme treated with Na P S. Under these conditions, removal or reinsertion of cyanolyzable sulfur at the Mo center should have induced signi¢cant changes of g-values and hyper¢ne parameters of the Mo(V) site which was not detected.
Xanthine oxidase family
The xanthine oxidase family probably is the largest and most diverse family of Mo-co-containing enzymes, with members from eukaryotic, eubacterial, and archaeal sources. Among the members of this family are enzymes which are also found in humans such as xanthine oxidase/dehydrogenase and aldehyde oxidase [51, 52] . Bacterial examples are D. gigas aldehyde oxidoreductase, the only structurally characterized member of the xantine oxidase family, 4-hydroxylbenzoyl-CoA reductase from both Rhodopseudomonas palustris [71] and Thauera aromatica [72] , quinoline 2-oxidoreductase, quinaldine 4-oxidase, and isoquinoline 1-oxidoreductase [73] , and several CO dehydrogenases. A conserved feature of this family appears to be the presence of a non-protein sulfur ligand of the molybdenum which can be removed from the enzyme by treatment with cyanide. Prior to the crystal structure of D. gigas aldehyde oxidoreductase, the general architecture of most members of the xanthine oxidase family was believed to be comprised of four domains starting at the N-terminus with two [2Fe^2S] cluster containing domains followed by a £avin binding domain (not present in D. gigas aldehyde oxidoreductase), and ¢nally the Mo-co-containing domain giving rise to a total molecular mass of approximately 150 kDa per monomer. A few members of this family have a di¡erent genetic architecture in which some of the four domains are encoded by di¡erent genes, but the overall structure is expected to be rather similar for all members of this family.
Structure of D. gigas aldehyde oxidoreductase
The crystal structure of D. gigas aldehyde oxidoreductase [10, 11] showed that each 907 residue containing subunit of the dimeric enzyme folds into four domains (Fig. 4A) . The Mo-co in D. gigas aldehyde oxidoreductase consists of a single molecule of a molybdopterin cytosine dinucleotide. However, the Mo-co in xanthine oxidase/dehydrogenase from different sources contains no additional nucleotide. Each of the two N-terminal domains is approximately 75 residues long and is involved in coordination of one of the two [2Fe^2S] clusters. Domain I adopts a fold analogous to that of plant-type [2Fe2 S] ferredoxins consisting of a ¢ve-stranded L-sheet and a partially enclosed L-helix, while domain II folds into a four-helix bundle that had not been previously observed to coordinate iron^sulfur clusters. The remainder of the structure was found to consist of two domains rather than one single domain as had been anticipated. These two domains have been designated Mo1 and Mo2 domains and together are responsible for binding the Mo-co. They are considerably larger (386 and 326 residues, respectively) than the two N-terminal domains. The Mo1 domain has substantial L-sheet structure and appears to be organized into two subdomains. The ¢rst contains a seven-stranded incomplete L-barrel wrapped around a central L-helix and the second a ¢ve-stranded antiparallel L-sheet. The Mo2 domain also consists of two subdomains, each having an K/Lstructure. The Mo1 domain provides most of the binding interactions to the molybdopterin, whereas the Mo2 domain contributes only a few interactions to the molybdopterin, but all of the interactions with the cytosine nucleotide. The Mo-co is buried between the Mo1 and Mo2 domains and access to the active site is provided through a 15-A î -long channel. The FAD domain which is present in all other members of the xanthine oxidase family will probably replace a 38-residue-long peptide which connects the second [2Fe^2S] cluster containing domain and the Mo1 domain. It should be noted that, with the exception of the [2Fe^2S] containing domains, the remaining structure has been classi¢ed di¡erently in the SCOP database [53] . Most importantly, residues 311^907 are considered to form one domain, which contains four subdomains arranged in tandem repeat forming a bi-lobed structure (Fig. 4B) . Each subdomain contains a predominantly parallel L-sheet packed against two K-helices with the ¢rst two and last two subdomains each forming one lobe. This domain mediates all the interactions with the Mo-co and represents a fold that has not been observed in any other protein structure.
Active site structure
The initial crystal structure of D. gigas aldehyde oxidoreductase [11] represented an inactive form of the enzyme in which the non-protein sulfur had been replaced by an oxygen atom leading to a penta-coordinated molybdenum center with two sulfur ligands and three oxygen ligands. In the active, sulfur-containing form of the enzyme [10] , the Mo was found to be coordinated by the two dithiolene sulfurs of the molybdopterin, an oxo ligand, a water molecule and a sul¢do group. The sul¢do group occupies the apical position of the square pyramidal arrangement created by the Mo ligands. No Mo ligands are provided from the protein, although the side chain of the conserved Glu-869, which forms a hydrogen bond to the Mo-bound water molecule, is within 3. However, there are direct interactions between the Mo-co and the second [2Fe^2S] cluster through the side chain of Cys-139 which provides a ligand to the [2Fe^2S] cluster and is, at the same time, hydrogen bonded to the exocyclic amino group of the molybdopterin. This arrangement seems to facilitate electron transfer between the two metal centers. The substrate binding site was inferred from a bound isopropanol molecule, which is located near the equatorial water molecule. Based on the structural studies, a mechanism has been proposed for this enzyme [10] . The key feature of the proposed mechanism is a hydride transfer from the substrate to the sul¢do group. According to the crystallographic analysis, there is some partial disul¢de bond character between the two dithiolene S-atoms in the oxidized form which is lost upon reduction.
Sul¢te oxidase family
Sul¢te oxidase and the assimilatory nitrate reductases from algae, fungi and higher plants form the third group of Mo-co-containing enzymes. Sul¢te oxidase is mainly found in eukaryotes and is located in the mitochondrial intermembrane space where it catalyzes the oxidation of sul¢te to sulfate. This is the terminal reaction in the oxidative degradation of the sulfur-containing amino acids cysteine and methionine. Sul¢te oxidase has been characterized so far from human [54] , rat [55] , bovine and chicken [56] , and from one prokaryote, Thiobacillus novellus [57] In all cases, the enzyme was found to be a homodimer with a molecular mass between 101 and 110 kDa. The rat enzyme can be proteolytically cleaved into two fragments [58] : a small N-terminal fragment of about 10 kDa containing a b S cytochrome, and a large C-terminal fragment, about 42 kDa, which harbors the molybdenum cofactor. Assimilatory nitrate reductases catalyze the reduction of nitrate to nitrite which is subsequently converted to xr R by nitrite reductase. Nitrate reductases have been isolated from fungi [59] , algae [60] , and higher plants [61] and form homodimers with a molecular mass of V220 kDa. In addition to the Mo-co and the b S cytochrome present in sul¢te oxidases, these enzymes contain FAD and a binding site for NAD(P) [62] . A crystal structure of a fragment of corn nitrate reductase comprising the £avin binding domain has been published [63] .
Overall structure of sul¢te oxidase
The recently determined crystal structure of chicken sul¢te oxidase at 1.9 A î resolution [16] provides the ¢rst complete structural model for any member of this family. The fold of sul¢te oxidase can be described as a mixed K+L-structure and is composed of three domains (Fig. 5) . Domain I (residues 3^84) is structurally similar to bovine cytochrome b S and comprises a three-stranded antiparallel L-sheet and six K-helices. Five K-helices and the L-sheet form a hydrophobic crevice in which the heme group is deeply buried with the vinyl groups pointing towards the L-sheet and the propionate side chains to the solvent. The heme iron atom in sul¢te oxidase is octahedrally coordinated by the N O 2 atoms of His-40 and His-65, and the four heme pyrrole nitrogens. Domains I and II are connected by a £exible linker peptide (residues 86^95) which is not well de¢ned in the electron density. Domain II (residues 96^323) contains thirteen L-strands organized in three L-sheets, and nine K-helices and is comprised of a previously unobserved polypeptide fold. At the N-terminus of this domain, a three-stranded antiparallel L-sheet is formed which leads into a mixed ¢ve-stranded L-sheet located on the opposite side of the domain. This L-sheet is £anked by ¢ve short K-helices. The center of domain II is comprised of a long L-hairpin which, together with two other L-strands, forms a four-stranded antiparallel L-sheet. The Mo-co is bound at the center of the second domain and is contacted by discontinuous stretches of the polypeptide chain. The core of the C-terminal domain (residues 324^466) is characterized by seven L-strands arranged in two antiparallel L-sheets. Structural comparisons revealed that this domain shares structural similarity with the C2 subtype of the immunoglobulin superfamily. As expected, the enzyme s present as a dimer in the crystal with overall dimensions of 120U55U70 A î Q and the dimer interactions are mediated almost exclusively through the third domains in a head-to-head arrangement.
Active site structure
The active site of sul¢te oxidase comprises the Mo-co in the form of a single molybdopterin without a second nucleotide. The Mo is coordinated by the dithiolene sulfurs of the molybdopterin and by a cysteine side chain (Cys-185) from the protein. Two additional ligands to the Mo have been identi¢ed in the crystal structure: an oxo group and a water or hydroxide. The latter ligand is at a distance of 2.3 A î and therefore it is somewhat more likely to be a water molecule, but a de¢nitive assignment could not be made. The geometry of the ligands can be described as square pyramidal with the oxo group occupying the apical position. The observed coordination geometry is at variance with the dioxo Mo center postulated by EXAFS spectroscopy [64] and it seems possible that the crystal structure represents a reduced form of the enzyme. Reduction could have occurred through traces of sul¢te present in the crystallization medium (1.0 M Li P SO R ) or through photoreduction in the X-ray beam. A sulfate has been identi¢ed in close proximity to the Mo-co, with a distance of 5.1^5.2 A î between the Mo and the S. The sulfate is bound in an anion binding pocket equally suited to accommodate the substrate sul¢te and the product sulfate, and its negative charge is neutralized by the positively charged side chains Arg-138, Arg-190, Arg-450 and Lys-200. The equatorial water/hydroxyl ligand of the Mo is located between the metal and the bound y P3 R . The one oxygen in the bound sulfate that has a weaker electron density indicates that a bound sul¢te would be oriented such that its sul¢te lone pair is pointing roughly toward the water/hydroxy ligand. In the oxidized form of the enzyme this water/hydroxyl is probably replaced by a second oxo-group. The crystal structure suggests that the oxygen atom in the equatorial position is being transferred from the Mo to the substrate. However, a postulated bidentate intermediate in which the transferred oxygen is bridging the Mo and the sulfur would require the substrate to bind even closer to the Mo than the bound sulfate.
Aldehyde ferredoxin oxidoreductase family
Aldehyde ferredoxin oxidoreductase (AOR) catalyzes the interconversion of aldehydes and carboxy- lates and was the ¢rst member of this family to be discovered and the ¢rst enzyme containing this cofactor to be characterized by X-ray crystallography [9] . Other members of the AOR family include formaldehyde ferredoxin oxidoreductase (FOR) and glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) isolated from the hyperthermophilic organism P. furiosus, a carboxylic acid reductase found in certain acetogenic clostridia, an aldehyde dehydrogenase from D. gigas which is unrelated to the aldehyde oxidoreductase isolated from the same organism and hydroxycarboxylate viologen oxidoreductase from Proteus vulgaris. With the exception of the last enzyme, all members of this family are tungsten-containing enzymes.
Overall structure of aldehyde oxidoreductase
AOR is a dimer of two identical 605 residue subunits and the 2.3 A î crystal structure [9] has shown that each subunit is folded into three domains (Fig.  6 ). Domain I (residues 1 to 210) consists of two sixstranded L-sheets which are arranged into a 12-stranded open anti-parallel L-barrel. Domain I forms a base on which the saddle-like tungsten pterin cofactor sits, which in this case consists of two pterins with no additional nucleotide. The fold of domain I exhibits a pseudo two-fold axis that coincides approximately with a two-fold axis passing through the tungsten also relating the two molybdopterins. Domains II and III (residues 211^417 and residues 418^605, respectively) mostly contain K-helices and are roughly related by the two-fold axis described above. Each of these domains contains an Asp-X-X-Gly-Leu-(Cys or Asp)-X sequence motif which participates in the binding of one pterin. The ¢rst four residues within each motif form a L-turn, and the side chain of the ¢rst Asp and the main chain oxygen of the Leu contact the exocyclic amino group of each pterin. Domain III harbors a [4Fe^4S] cluster which, besides a mononuclear metal ion located on the dyad axis of the AOR dimer, is the additional cofactor present in this enzyme. A long hydrophobic channel is formed at the interface between domains II and III and provides access to the active site. Domain I as well as the C-terminal domains have polypeptide folds that have not been observed in other protein structures.
Active site structure
The tungsten in AOR is symmetrically coordi- nated by the four dithiolene sulfurs from the two molybdopterins and the arrangement of the tungsten and the dithiolene sulfurs can be described as distorted square pyramidal. The presence and location of oxo/hydroxo groups coordinated to the tungsten could not be de¢nitely established crystallographically, perhaps due to either disorder at this center, or crystallographic problems associated with locating light atoms in the vicinity of heavy metals [26] . No protein ligands to the tungsten have been observed, which, besides the overall di¡erences in the polypeptide structure, clearly distinguishes this family from the DMSO reductase family. However, the side chains of residues Glu-313 and His-448 are in the vicinity of the tungsten and could participate in proton transfer reactions coupled to electron transfer. The [4Fe^4S] cluster is in close proximity (approximately 8 A î ) to the tungsten cofactor. As in D. gigas aldehyde oxidoreductase and formate dehydrogenase H, one of the pterins seems to be involved in electron transfer, since Cys-494, a [4Fe^4S] cluster ligand, is also hydrogen bonded to one of the pterins, thus providing a direct link between these two cofactors. An additional feature in AOR is the presence of a magnesium ion which is located below the tungsten, on the two-fold axis passing through the cofactor. The magnesium ion exhibits octahedral coordination geometry and interacts with the two terminal phosphates of the cofactor, two water molecules and two backbone carbonyl oxygens. At present, little is known about the mechanistic details of AOR or any member of this family. Thus it is also unclear whether AOR catalyzes its reaction through an oxogroup or hydride transfer mechanism. Additional complications arise from the fact that the isolated form of AOR in dithionite contains a mixture of several oxidation states with the W(IV), W(V) and W(VI) states all being present.
7. Acetylene hydratase from P. acetylenicus
Molecular properties and reactivity
Acetylene hydratase was recently puri¢ed from P. acetylenicus and characterized as an iron^sulfur tungsten enzyme [65] . It represents the only member of a third class of tungsten enzymes besides the aldehyde oxidoreductase family and the formylmethanofuran dehydrogenase family [8, 65, 66] . Acetylene hydratase catalyzes the hydration of acetylene to acetaldehyde: H^CrC^H+H P OCH Q C^CHO (vG o P = 3119 kJ mol 3I ). This is not a redox reaction and di¡erentiates acetylene hydratase from other tungsten enzymes known so far. In the photometric assay which is coupled to alcohol dehydrogenase/NADH (conversion of acetaldehyde to ethanol), a strong reductant, such as titanium(III)-citrate [67] , or dithionite, has to be used to obtain maximum activity (W3.5 units/mg protein) [65] . From redox titrations of the enzyme a lower limit of W3330 mV was determined to observe activity.
Acetylene hydratase is a monomeric enzyme, with a molecular mass of 72 kDa (SDS-PAGE), and 83 kDa (MALDI). In the MALDI experiments, acetylene hydratase showed a single sharp peak at 83 212 þ 100 Da under denaturing conditions, at pH 2.0; under non-denaturing conditions, pH 6.2, the main peak was much broader because of several subspecies. One major peak appeared at 83 554 Da corresponding to the addition of one [4Fe^4S] center, and another major peak at 84 999 Da corresponding to the addition of one [4Fe^4S] and one Mo(MGD) P unit. So far, 19 amino acids of the N-terminus have been sequenced. There was no homology to any protein in the data bank except for a X-C-X-C-C-X-X-X-C-X sequence which could represent a motif for a Fe^S site [65] . 4.4 þ 0.4 mol Fe and 0.5 þ 0.1 W (ICP/ MS), 3.9 þ 0.4 mol acid labile sulfur and 1.3 þ 0.1 molybdopterin guanine-dinucleotide cofactor were found per mol enzyme. Selenium was absent. The analytical data point towards a coordination of the tungsten center similar to that observed in R. capsulatus DMSO reductase [12] , formate dehydrogenase (FDH r ) from Escherichia coli [15] , or AOR of P. furiosus [9] . In these enzymes tungsten, or molybdenum, is coordinated by the four dithiolene sulfur atoms as discussed earlier. There is no selenocysteine as reported for FDH r from E. coli [68] , and coordinated oxo groups from serine as in DMSO reductase from Rhodobacter capsulatus [12] appear unlikely to be bound to tungsten in view of the high g v as discussed below. However, the presence of a pterin guanine dinucleotide cofactor di¡erentiates AH from the AOR family, where all members have a pterin mononucleotide cofactor.
Most recently, a fully active acetylene hydratase was obtained from P. acetylenicus cells which had been grown in the absence of tungsten. Surprisingly, a molybdenum-containing form of the enzyme could be puri¢ed, with identical molecular mass (SDS), and the ¢rst 10 amino acids of the N-terminus were also identical. ICP/MS clearly demonstrated the presence of molybdenum, whereas tungsten was absent in this active form of the enzyme. The redox properties of the molybdenum acetylene hydratase, however, were di¡erent. This form of the enzyme was inactive under the strongly reducing conditions used for tungsten acetylene hydratase. For maximum activity, the molybdenum enzyme had to be reduced with a small amount of either dithionite or Ti(III)-citrate, but the activity dropped sharply upon further reduction in contrast to the tungsten enzyme.
EPR spectroscopic properties
EPR spectra of acetylene hydratase (as isolated, in the presence of air) showed the typical signal of a [3Fe^4S] cluster with g v = 2.01, at 10 K; this signal was absent in enzyme prepared under the exclusion of air. Upon reduction with dithionite, a rhombic signal appeared with resonances at g z = 2.048, g y = 1.939, and g x = 1.920 indicative of a low potential ferredoxin type [4Fe^4S] cluster [69] . Note that addition of dithionite did not lead to the generation of an EPR signal typical for W(V). Upon titrating the enzyme with the oxidant hexacyanoferrate(III), a new signal appeared with g x = 2.007, g y = 2.019, and g z = 2.048 (g v = 2.022). This signal disappeared upon further addition of hexacyanoferrate(III). It showed a temperature optimum around 5 K under non-saturating conditions of microwave power, and was still visible at 150 K, thus was tentatively assigned to the W(V) center. Signals with comparably high g-values had been reported earlier for E. coli FDH r where a selenocysteine residue acts as a ligand to the tungsten [68] .
These preliminary data suggest a tungsten, or a molybdenum center, coordinated by four dithiolene sulfur atoms at the catalytic site. The role of the [4Fe^4S] cluster remains unclear at this moment.
Most recently, model studies with a W(IV) complex, but not the corresponding W(VI) complex, demonstrated the likely participation of a reduced tungsten pterin cofactor moiety for catalyzing the hydration of acetylene [70] .
Structural comparison
The crystal structures of Mo-co-containing enzymes have revealed a remarkable degree of structural diversity in the overall polypeptide folds as well as in the composition and stoichiometry of the Moco. Based on the available data, a few structural features seem noteworthy:
1.
The structures of Mo-co-containing enzymes representing the four di¡erent enzyme families indicate that there seems to be no ancestral Mo-co-containing enzyme from which all enzymes containing this cofactor derived. Instead, evolution independently selected at least four di¡erent protein folds to harbor the Moco.
2.
Some of the polypeptide folds found in Moco-containing enzymes have until now never been observed in other proteins. For instance, the Mo-co-containing domains in D. gigas aldehyde oxidoreductase and sul¢te oxidase as well as domain I and the C-terminal domains of AOR represent novel polypeptide folds. 3.
All enzymes consist of at least three structural domains and in some cases di¡erences between di¡erent family members are re£ected by the addition or removal of individual domains. For instance, the assimilatory nitrate reductases di¡er from sul¢te oxidase by insertion of an additional cytochrome reductase domain.
4.
In all cases, the Mo-co is deeply buried in the enzyme and access to the active site is usually provided by channels or funnels. 5.
All crystal structures revealed that the molybdopterin is present in a tricyclic form with a pyran ring fused to the pterin nucleus. The pyran ring is generated through nucleophilic attack of the 3P-OH group on C7 of the pterin moiety.
6.
There is considerable variation between di¡er-ent families in the stoichiometry of the molybdopterin. Two copies of the molybdopterin are present in the DMSO reductase and AOR families, whereas only one copy is found in the sul¢te oxidase and xanthine oxidase families. 7.
Amino acid side chains coordinating the molybdenum do occur in two of the four families. In the DMSO reductase family this side chain is either a Ser, a Cys, or a Seleno-Cys, whereas it is always a Cys in the sul¢te oxidase family. 8.
With the exception of sul¢te oxidase, the molybdopterin is oriented in such a way that it can participate directly in electron transfer between the Mo/W and additional cofactors. Such an arrangement has been observed in the crystal structures of AOR, D. gigas aldehyde oxidoreductase and formate dehydrogenase H. 9.
There is additional variation of the molybdopterin regarding the presence of a dinucleotide form of the cofactor, even within the same family as is seen for D. gigas aldehyde oxidoreductase (dinucleotide form) and xanthine oxidase (no additional nucleotide). The role of the additional nucleotide remains unclear and so far no functional role has been assigned to it.
